The objective was to determine how to differentiate one ectopic site from another possible ectopic site close by. The approach used was to obtain a direct picture of total cardiac electrical activity in the form of epicardial potential distributions to understand the cardiac origin of the surface potentials throughout ventricular depolarization and repolarization. QRS-T wave body surface maps were interpreted by visually comparing them directly with the associated measured epicardial potential distributions and by quantitative comparison with those produced by adjacent ectopic sites. During early QRS (delta wave) all sites produced a body surface maximum within the same small area on the anterior chest; however, the position of the minimum was markedly different and was related spatially to the position of the ectopic site. The epicardial measurements showed that during early excitation there was a minimum of large magnitude at the ectopic site while the nearby maximum was of much lower magnitude. The body surface maxima and minima during QRS provided an easy way to distinguish between ectopic sites on one ventricle vs. the other, but between adjacent sites on the same ventricle there was frequently little change in the pattern of the QRS maximum and minimum. However, adjacent sites produced distinct changes in the distant low level potential areas. The combined analysis of QRS and T waves showed that subepicardial ectopic sites 2-3 cm apart produced detectable differences in the body surface distributions. Furthermore, the T wave patterns were as useful as or more useful than those during QRS for predicting the ectopic pre-excitation site. On the epicardium, the positions of the repolarization maximum and minimum were the same as those of the earliest and latest areas of ventricular excitation, a feature which resulted in a better indication of cardiac electrical events on the body surface during ST-T waves than during QRS.
THIS PAPER considers the use of epicardial and body surface potential distributions throughout ventricular activation and repolarization as a basis for interpreting electrocardiograms according to the site of ventricular pre-excitation in the "classic" Wolff-Parkinson-White (WPW) syndrome. 1 8 exclusively, with most analyses focused on early ventricular activation during the delta wave. 7 - 8 The restriction to QRS has been a natural one, since the isochrone method, 9 the current standard index of total heart electrical activity, has provided a way to depict epicardial activation sequences at surgery, 3 and these sequences have been used to indicate which parts of the ventricle contribute to the deflections throughout QRS.
There are, however, several fundamental limitations imposed by this approach for classifying pre-excitation QRS and T waves on the basis of total heart electrical activity. First, the electrocardiogram and the cardiac activation sequence must be recorded at different times and under different conditions. The QRS often changes in patients with WPW. 4 Therefore, unless the activation sequence is rigorously controlled during both recordings, the measured sequence at surgery may differ from the preoperative one. Second, the isochrone method provides no way to study the T wave. 10 Indirect measurements of repolarization, e.g., refractory periods, apply only to a VOL. 42, NO. 1, JANUARY 1978 limited time interval near the peak of the T wave and provide no basis for examining the entire ST-T wave. 11 -12 Finally, the surgical situation requires that the epicardium be exposed to air and to a different temperature than that of the body and these conditions alter epicardial and body surface T waves. 13 '
u At present there are no techniques available for clinical use at surgery to provide a reasonable direct measurement of ventricular repolarization to explain ST-T waves. However, all of the above limitations are overcome with the measurement of epicardial and body surface potential distributions in intact animals. 15 The major intent of this study was to obtain a direct picture of total cardiac electrical activity in the form of epicardial potential distributions in order to understand the cardiac origin of the body surface potentials produced by different ectopic sites (i.e., an anomalous location of the site of origin of ventricular excitation); 15 in this study we chose those that mimick the WPW syndrome. Our thought was that the association between heart and body surface events should be established first for a single biological specimen under the most controlled conditions that we could obtain; i.e., the intact animal. For example, if two closely positioned ectopic sites produced readily apparent differences in the body surface distributions in the same animal, and if these differences could be explained directly on the basis of the cardiac events, the case would be strengthened considerably for developing a clinical capability to predict the location of ectopic sites. Also, as quantitative methods 16 ' 17 become increasingly useful for relating specific heart events to those on the body surface, familiarity with the underlying epicardial potential distributions will become increasingly important.
Clinical Considerations
The most generally used electrocardiographic definition of WPW waveforms has been the classic type A and type B QRS patterns of Rosenbaum and co-workers. 18 These patterns are generally considered to be associated with pre-excitation of the left (type A) and the right (type B) ventricle. However, intermediate QRS wave forms, type C, are more difficult to assign to specific ventricular areas. Also, some questions exist about types A and B in regard to the pre-excitation site. Ueda et al. 19 suggested for a patient with a type B QRS, usually associated with a right ventricular site, that pre-excitation occurred posteriorly in the left ventricle. Also, Durrer and Wellens 20 indicated that they were reluctant to predict the earliest left ventricular epicardial excitation site from the electrocardiogram in type A patients.
Gallagher and associates 21 have shown that pre-excitation due to an accessory bypass conduction pathway can exist at almost any location around the circumference of the atrioventricular (AV) ring, including the ventricular septum. Several recent electrocardiographic studies 6 " 8 indicate that an improved classification according to known pre-excitation sites can be achieved. Tonkin and associates 7 analyzed the delta waves in the ECGs and vectorcardiograms (VCGs) of 34 patients, all of whom had measured epicardial activation sequences. The direction of the delta wave correlated well with right and left ventricular pre-excitation sites and those in the general area of the septum. Recently, de Ambroggi and co-workers 8 identified six types of body surface maps according to the location of maxima and minima during the delta wave. Although they emphasized the tentative nature of their predictions, they assigned probable ventricular pre-excitation areas on the basis of the body surface map delta wave patterns. Despite all of these important studies, each has suggested a different number of sites, and there is considerable doubt about the resolution that might be expected in differentiating one site from another from body surface electrocardiograms.
Experimental Considerations
The approach used here is to interpret QRS-T wave body surface potential distributions by comparing them directly to the electrical activity of the total heart. However, there has been no generally accepted index of electrical activity of the total heart for both ventricular activation and repolarization. Recently, cardiac potential distributions in intact animals were suggested as a way to directly measure and characterize ventricular repolarization. 10 " 12 Such distributions have been especially advantageous since they provide a link with body surface potential distributions 15 
"
17 on the one hand and with intracellular potentials 12 on the other. They also provide a direct measure of ventricular activation." With this relatively new way to relate total heart electrical activity to body surface events during both QRS and ST-T waves, 15 we considered the following general features to be noteworthy for experimentally mimicking the WPW syndrome.
The pertinent question is how to differentiate one ectopic site from another possible ectopic site close by. First, it must be verified whether the activation and repolarization potential distributions produced by each site result in detectable differences on the epicardium. If so, how are the different epicardial potential distributions reflected on the body surface? Second, information should be obtained throughout excitation and repolarization since adjacent pre-excitation sites, especially those on the diaphragmatic surface of the heart, 15 ' 22 might produce body surface events that appear similar at some instants and different at others. Thereby, differentiation between the two might be done best by viewing the sequence of body surface distributions produced by each. Finally, QRS-T waves in the WPW syndrome are controlled by (1) the location of the ectopic site and (2) the degree to which the ectopic site and normal conduction via the His bundle influence the excitation and repolarization sequence (fusion and nonfusion beats). At present, information remains scanty with regard to the total epicardial activation sequence produced by identified ectopic sites, and there are no data directly recorded from the heart describing ventricular repolarization during fusion vs. nonfusion beats. Thus, understanding the epicardial events produced by each site for nonfusion beats is a prerequisite for understanding how QRS-T waves change when there are two sites that control the activation and repolarization sequence (fusion beats).
To incorporate the above considerations into the development of an experimental preparation that approximated the intact human, the following background experiment was performed in a series of intact dogs. Epicardial and body surface potential distributions were measured while there was rigorous control of the activation sequence during nonfusion and fusion beats. All of 20 dogs showed good reproducibility of excitation and repolarization epicardial events for each of seven selective ectopic sites. These sites were spaced equidistantly around the AV ring ( Fig. 1) to represent accessory pathway positions that have been documented in humans. 21 Each ventricle was subdivided into three areas (i.e., anterior, lateral, posterior) with an additional subepicardial position located at the septum posteriorly. An additional site known to occur clinically, one deep within the septum, 21 was not mimicked in these experiments. Because there were differences between the dog and human body surface maps, we developed a similar intact experimental preparation in two chimpanzees to approximate the human as closely as is experimentally possible.
15

Methods
We used the same two intact chimpanzees that were used previously for measuring epicardial and body surface QRS-T wave potential distributions during normal and apical ventricular ectopic sequences. 15 The difference was that this experiment produced nonfusion and fusion ectopic beats by stimulation through bipolar electrodes that were implanted at each of the positions indicated in Figure 1 . The details of the preoperative body surface mapping of the chimpanzees, the surgical procedures, and an evaluation of the methods have been presented in detail. 15 In summary, 75 epicardial electrodes were implanted over the epicardium with approximately equal spacing over each ventricle and the atria. To simulate an ectopic focus due to an anomalous AV pathway, the noninsulated portion of bipolar pacing wires was sutured at a depth of 2-4 mm beneath the epicardium at the designated locations around the AV ring (Fig. 1) . The insulated pacing the epicardial wires were looped within the chest, and the distal ends were implanted superficially beneath the skin of the lower abdomen. Both chimpanzees did well postoperatively and appeared healthy. One chimpanzee weighed 80 pounds and the other weighed 35 pounds.
When repolarization had returned to normal, each chimpanzee underwent study. Our specific criterion for judging that repolarization had returned to normal was that the S-T segment and peak T wave body surface potential distributions appeared quite similar to the preoperative maps; i.e., positive potentials occurred over the anterior precordium and low-level negative potentials covered the remaining torso. Since we were not able to measure epicardial and body surface distributions repeatedly in the chimpanzees after surgery, the surgical effects were evaluated in the preliminary studies on dogs. These have been described in detail. 15 For the first few days after surgery, the epicardial T waves were negative over most of the left ventricle with return to upright T waves in this area within 5-9 days postoperatively. The body surface distributions showed associated marked changes with return to normal at the same time. Our final criterion was that the repolarization epicardial distributions at the time of study were similar to those that we have come to consider "normal" for the intact dog; 10 i.e., the ventricular epicardial surface is predominantly positive with negative potentials over the atrium.
Experimental Measurements
After premedication with ketamine hydrochloride, 8 mg/kg, im, each chimpanzee was intubated with an endotracheal tube and maintained on 0.5-0.8% halothane, a level just sufficient to depress the cough reflex. Nitrous oxide and oxygen were used to maintain a PaO 2 of 100-200 torr. Each preparation was quite stable for 15 hours.
The wires from the heart were exposed and connected to a switching box that allowed rapid sequential sampling in blocks of 15 simultaneous epicardial points. Body surface potentials were measured at 150 locations. Epicardial potentials were recorded with reference to the left leg, and the body surface potentials were recorded with reference to Wilson's central terminal. That the difference in reference was insignificant can be seen from the maps. In no case did the subtraction of the difference between the left leg voltage and that of Wilson's central terminal result in a visible change in the epicardial voltages since these voltages were so much greater than those on the body surface. To record a complete set of wave forms required 10 minutes for the epicardium and 12 minutes for the body surface.
The heart rate was held constant for all sequences to allow comparisons of the different sequences at the same rate (96 and 112 beats/minute for the large and small chimpanzee, respectively). The pacing stimuli were 1-msec impulses at 1.5 times the threshold value. To study nonfusion beats, the heart was controlled by pacing the sinus node area followed by a ventricular stimulus to an ectopic site delivered 40 msec after that to the right atrium. Frequent checks of the P-R interval ensured that there was no influence from AV transmission in these sequences. Fusion beats of two types were studied. (1) To mimic the effect of two anomalous bypass tracts, 2;t the lateral left and right ventricular (LV and RV) sites ( Fig.  1) were stimulated simultaneously 40 msec after the right atrium (no effect from AV transmission). (2) To mimic fusion beats controlled by a single anomalous pre-excitation site and by normal AV transmission, 2 either of the lateral ventricular sites was stimulated at variable intervals following the right atrial stimulus with the interval held fixed during each sequence. Repeated checks of the P-R interval (142 msec) determined that excitation via the His bundle occurred at the same time throughout the recording sequence. Also, close inspection of four epicardial reference waveforms indicated that the fusion sequences did not change.
The stimulation sequence was controlled by a PDP-11/ 20 computer system which synchronized the pacing stimuli with data recording. The design of the system has been detailed previously 24 and its basic tasks outlined for intact animal studies. 15 In summary, it consists of 24 AC amplifiers, the outputs of which were sampled at a rate of 1000 samples/sec. The computer stored the data and displayed the waveforms immediately on a Tektronix 4002 display unit. The waveforms were recorded on digital tape after it was established that each was free of artifact. The entire set of sequences was repeated, and in all cases the results were quite reproducible. At the end of the experiment, a repeat recording of the normal sequence indicated that there had been no change in the normal QRS-T wave events. After the experiment, the chimpanzee was killed by an intravenous injection of 3 M KG. The carcass was frozen and serial sections were made of the torso to detail the heart electrode locations and their relationship to the body surface recording positions. 15 The digitally recorded waveforms were redisplayed and photographed for detailed inspection and processing to construct epicardial and body surface maps. A second computer program was used for this purpose. It produced the contour lines in final form and automatically photographed each map for subsequent instant-by-instant and motion analysis. Heart and body surface maps were made at 1-msec intervals throughout ventricular activation and at 4-msec intervals throughout the ST-T wave. Additionally, the unipolar wave forms were used to construct isochrone epicardial activation sequences. 10 The time of depolarization of each point was taken from the intrinsic deflection (point of maximum slope) of each ventricular epicardial waveform. Previous studies have shown that the time of depolarization of each point determined from the peak of the waveform recorded with a 1-mm bipolar electrode was the same as that derived from unipolar records 10 by the method used here. The position of the isochrone was constructed for each 2-to 5-msec QRS interval by interpolation of activation times between electrode sites. 9 In each experiment, detailed checks ensured the absence of local injury effects in the epicardial wave forms. 15 An evaluation of the methods as they relate to the study of ST-T waves has been presented previously for these chimpanzees. 15 A heat lamp was used to maintain a constant body temperature (36-37°C), which was monitored by a thermistor in the thoracic aorta. Since the chimpanzees were intact, there was no question of maintaining a constant milieu surrounding the heart (i.e., no change in volume conductor) which is a critical determinant of repolarization effects that requires rigorous control under acute surgical conditions where different areas of the epicardium may be exposed to air and different temperatures and inconstant moisture levels may occur from time to time.
Methods for Comparing Body Surface Maps
The primary emphasis was on direct visual comparison of the epicardial and body surface potential distributions produced by the different ectopic sites. In addition, a quantitative comparison was made of the changes in the body surface potential distributions between the large and the small chimpanzee for the same ectopic sites vs. changes between adjacent ectopic sites within a single chimpanzee. Body surface maps were selected during early, mid, and late QRS and for similar intervals during the T wave; i.e., there were six maps for each of the seven sequences in each chimpanzee. Since physiological evaluation of body surface maps has been based primarily on the contour patterns, 15 ' 17 ' 25 a comparison of the patterns for each chimpanzee should reflect whether a pair of maps, one from each chimpanzee, would be interpreted in the same way. The pattern match was determined numerically by the correlation coefficient (CC) between corresponding maps from the large and small chimpanzees. The procedure consisted of a comparison of the voltage at each of the 150 recording positions for each pair of maps. Finally, the CC also was used to compare the potential distributions produced by adjacent ectopic sites in each chimpanzee separately. By using the same maps for both comparisons, a test is provided as to the similarity of patterns between two chimpanzees of markedly different size (volume conductor differences) in relation to differences produced by ectopic sites located 2-3 cm apart (cardiac generator differences).
Vectorcardiograms
Frank vectorcardiograms were derived from the body surface maps for each of the sequences. The vectorcardiograms are presented for qualitative comparison with the body surface maps. The vectorcardiogram emphasizes the long-standing approach of characterizing the heart in indirect terms from measurements made away from the heart, i.e., an equivalent generator, 2 ' 1 in this case a dipole. Contrariwise, epicardial potential distributions provide a direct characterization of cardiac electrical activity, 10 ' 15 and, thereby, the reader can judge the adequacy of the interpretations made from the vectorcardiograms as compared to the body surface maps based on a picture of total heart events at the epicardial surface. The circuit equations for the three output voltages of the vectorcardiogram were obtained by node analysis 27 In reference to the maps presented in the Results, the M, A, C, E, and I positions were chosen from the recording points in the fourth row from the top, the H position was uppermost point in the mid-back, and the F position was the lowermost point at the mid-line anteriorly.
Results
The first portion of the Results shows the epicardial and body surface potential distributions produced by several ectopic sites in the large chimpanzee; these distributions also can be compared with previously reported normal and apical ectopic sequences. 15 Then a comparison of the surface maps is made for the different ectopic sites, especially as related to the epicardial events. We then present a quantitative analysis of correspondence between the body surface maps of the two chimpanzees and of the body surface patterns produced by adjacent ectopic sites. Finally, the vectorcardiograms are presented for comparison with the body surface maps.
Characteristic Epicardial Sequential Events for Nonfusion Sequences Potential Distributions during Ventricular Activation
The QRS epicardial potential distributions produced by all sites were characterized by four features. (1) During early excitation, a minimum of large magnitude (i.e., a large negative voltage value) developed near the ectopic site with low level positive potentials in the nearby areas toward which excitation was progressing. As the excitation wave expanded away from the stimulus site, the magnitude of the minimum decreased from its peak value and the magnitude of the maxima increased. (2) During the middle portion of the excitation sequence, the location of the isochrones and the boundaries between positive and negative potentials showed good agreement while the maxima and minima were of variable magnitude. (3) During the latter part of excitation, there was a single maximum of increasing magnitude in the region toward which excitation was propagating while nearby negative potentials in the trailing region of the excitation wave were of low magnitude, the opposite pattern of early excitation. (4) During the terminal 5 to 20 msec of ventricular excitation, the total heart distribution became complicated as positive repolarization potentials appeared and increased in the area of the ectopic site while excitation terminated with diminishing positive potentials on the opposite side of the heart.
ST-T Wave Potential Distributions
The ectopic repolarization distributions varied in a predictable manner as has been described quantitatively for the intact dog. 12 The epicardial sequential changes during the T wave occurred spatially in relation to the location of the initial and terminal excitation sites which were always located on the opposite sides of the heart. They were characterized by three major features. (1) During early repolarization (S-T segment) a maximum was located in the area where excitation began and a minimum was located on the opposite side of the heart where excitation terminated. (2) During the upstroke of the T wave the maximum and minimum remained stationary and increased in magnitude, and then the maximum shifted away from the ectopic focus. (3) During the latter part of the T wave the sequential changes continued. Usually, two maxima developed from the initial one and they continued to shift toward the minimum, which showed little change in position.
Anterior Left Ventricular Site (Fig. 2) 
QRS Potentials
58 msec: A prominent epicardial minimum occurred near the stimulus site. The isochrone excitation wave was in the negative potential area. There were two maxima, both of lower magnitude than the minimum, on the LV. On the body surface the minimum and negative potentials occurred on the upper back. Positive potentials covered most of the remaining torso with a single maximum on the left anterior chest.
104 msec: Epicardial negative potentials expanded toward the apex and covered both ventricles anteriorly and much of the left ventricle posteriorly. There was an epicardial minimum on the anterior LV. The body surface minimum shifted anteriorly to overlie the epicardial minimum and the maximum shifted slightly toward the sternum.
114 msec: Epicardial positive potentials covered the diaphragmatic RV surface with a maximum in the right paraseptal area, where excitation subsequently ended. Also, a low level repolarization maximum was present at the ectopic site. On the body surface there was a single maximum and minimum. The maximum shifted to the lower torso which was covered by positive potentials, and the minimum moved into the sternal area.
ST-T Wave Potentials
248 msec: The epicardial maximum was at the ectopic site, and the minimum was on the diaphragmatic surface where excitation ended. On the body surface the maximum and positive potentials were on the upper left thorax. Negative potentials covered the rest of the torso with a minimum over the lower sternum.
348 msec: The epicardial maximum decreased in magnitude and shifted toward the minimum, which remained stationary in the septal area near the apex. The body surface maximum and minimum did not change while the positive potential area expanded inferiorly.
376 msec: The epicardial maximum continued to shift inferiorly toward the minimum, and the area of positive potentials expanded. On the body surface the maximum shifted inferiorly while the general pattern remained unchanged.
Lateral Left Ventricular Site (Fig. 3) 
QRS Potentials
50 msec: A prominent minimum occurred at the ectopic site and two maxima of lower magnitude were on the LV. On the body surface a maximum was on the anterior chest. A minimum was in the back associated with a vertical column of negative potentials that covered the left axilla and back.
114 msec: The epicardial area of negativity enlarged onto the RV. On the body surface the minimum shifted anteriorly to the left precordium to overlie the epicardial minimum. The body surface pattern was approximately a projection of the epicardial pattern.
142 msec: On the epicardium there were positive potentials due to repolarization in the area of the ectopic site. On the anterior RV positive potentials due to terminal excitation occurred in two separate areas, and a minimum occurred in between. On the body surface there were two maxima of low magnitude. One maximum was on the right anterior chest due to terminal excitation, and the other maximum was on the left lower back due to early repolarization.
ST-T Wave Potentials
255 msec: There was a maximum in the area of the ectopic site (lateral LV) and a minimum in the area of terminal excitation (apical RV). On the body surface this produced a maximum in the left posterior axillary region and a minimum in the lower left parasternal-afea immediately overlying the epicardial minimum.
339 msec: The epicardial maximum developed into two maxima that shifted away from the ectopic site. The minimum remained stationary. The body surface pattern showed little change. 403 msec: The two epicardial maxima continued to shift toward the stationary minimum. On the body surface the maximum and the positive potential area shifted toward the sternum and the minimum shifted to the right upper chest.
Posterior Left Ventricular Site (Fig. 4) 
QRS Potentials
48 msec: Prominent negative potentials occurred on the diaphragmatic surface of the LV. The isochrone excitation wave was in the negative potential area with the steepest gradients in the trailing edge of the excitation wave. A maximum was on the anterior LV at the base. This produced a body surface pattern with positive potentials superiorly and negative potentials inferiorly. The minimum was on the lower back and the maximum was on the upper chest next to the sternum.
86 msec: Negative potentials expanded on the diaphragmatic epicardial surface. Anteriorly, the isochrones shifted toward each other from the basal LV and from the inferior RV; positive potentials occurred in the intervening area. On the body surface the maximum and area of positive potentials shifted inferiorly over the left precordium while the minimum remained in a low position on the back.
104 msec: On the epicardium there was a single prominent excitation maximum at the septum anteriorly with a minimum of lower magnitude on the lateral LV. A repolarization maximum was present at the ectopic site. The body surface pattern remained a simple one with a shift of the left precordial maximum superiorly, a shift similar to the anterior epicardial maximum. Negative potentials remained over the inferior torso.
ST-T Wave Potentials
232 msec: The epicardial maximum increased in magnitude at the ectopic site and the minimum was on the opposite side of the heart on the upper RV next to the septum. This produced a body surface pattern with positive potentials on the lower torso and negative potentials on the upper body. The maximum was low on the torso, and the minimum was at the sternum over the epicardial minimum. 300 msec: On the epicardium the maximum shifted away from the ectopic site. The body surface pattern remained the same.
374 msec: Two epicardial maxima had developed, and the diaphragmatic area of positive potentials expanded onto the anterior epicardium. The minimum remained stationary. On the body surface the maximum and area of positive potentials shifted upward into the left precordial region.
Posterior Septal Site (Fig. 5) QRS Potentials
36 msec: A prominent epicardial minimum occurred at the ectopic site in the region of the trailing edge of the excitation wave. There was a maximum of lower magnitude on the LV. On the body surface the minimum 
AC ;
374 msec occurred on the lower right chest and the maximum was on the anterior left precordium. Positive potentials occurred over the upper left chest, and negative potentials covered the rest of the body surface. 84 msec: Negative potentials expanded on the diaphragmatic epicardial surface and extended anteriorly on the lower RV and basal LV. A maximum was on the anterior LV. On the body surface the minimum shifted into the lower right sternal region.
FIGURE 4 Posterior left ventricular site. During early excitation (48 msec) the magnitude of the epicardial minimum near the ectopic site was considerably greater than the maximum, whereas this relationship was reversed during late QRS (104 msec) with the epicardial maximum of much greater magnitude than that of the minimum.
124 msec: On the epicardium an excitation maximum was on the upper septum anteriorly. Its magnitude was greater than that of the nearby minimum. A prominent repolarization maximum was the ectopic site with a large area of repolarization positive potentials on the diaphragmatic surface. On the body surface there was an anterior precordial maximum due to excitation, and positive potentials due to repolarization extended inferiorly on the anterior right chest with the negative potentials on the right lower torso having a lower absolute value than those in the left axilla.
ST-T Wave Potentials
198 msec: The maximum increased at the ectopic site, and the minimum was on the upper anterior LV where excitation ended. On the body surface the maximum was on the right lower chest. Positive potentials occurred over the lower torso and upper right chest while negative potentials occurred over the upper torso with a left precordial minimum.
298 msec: The epicardial maximum shifted away from the ectopic site, and the positive potentials on the diaphragmatic surface extended onto the lower anterior RV. The body surface pattern remained unchanged.
408 msec: The epicardial positive potential area continued to expand, and the maximum shifted to an anterior position while the minimum shifted slightly upward. This produced marked changes in the body surface pattern with the maximum and area positive potentials extending over the upper chest anteriorly into the previously negative area.
Posterior Right Ventricular Site (Fig. 6) 
QRS Potentials
57 msec: Negative potentials were on the basal diaphragmatic RV epicardium with a minimum near the ectopic site. There was a posterior maximum on the LV and an anterior maximum on the RV. On the body surface, positive potentials occurred over the left chest, and negative potentials were over the rest of the torso with the minimum on the lower right chest anteriorly. The body surface pattern was quite similar to the early QRS pattern of the previous sequence; i.e., the posterior septal site.
125 msec: Negative potentials covered the epicardial surface except for the lateral left ventricle. The body surface pattern was similar to the epicardial one with the minimum immediately over the anterior RV and the I 48 msec -.A-.
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FIGURE 6 Posterior right ventricular site. Note the considerable similarity of the early QRS body surface potential distribution at 57 msec to the early QRS pattern of the previous sequence due to the posterior septal site. On the other hand, note the considerable difference between the body surface T wave potential distributions of this sequence and that of the previous one.
maximum on the left precordium overlying the epicardial maximum. 148 msec: A terminal excitation maximum was present on the anterior LV; an early repolarization maximum was at the ectopic site with positive potentials over most of the epicardial RV surface. The body surface pattern was simpler than the epicardial one. There was a left precordial maximum due to excitation, and low level positive potentials, due to the epicardial repolarization positive potentials, projected across the sternum onto the right side of the chest.
ST-T Wave Potentials
197 msec: Positive potentials covered most of the epicardium with a maximum at the ectopic site on the posterior RV and a minimum on the anterior LV where excitation ended. On the body surface, positive potentials covered the lower torso and right chest. The maximum was in the lower left parasternal area, and the minimum was nearby directly overlying the epicardial minimum on the LV.
337 msec: The epicardial maximum on the diaphragmatic RV surface shifted away from the ectopic site, and the minimum on the LV remained stationary. There was no change in the body surface pattern; however, the positive potentials on the lower right torso increased.
392 msec: There were two epicardial maxima; one was anterior on the lower septum and the other was posterior on the LV. On the body surface a single maximum persisted with little change in the overall pattern. (Fig. 7) To ensure there was no supraventricular excitation, both RV and LV sites were stimulated 40 msec after the right atrium.
Fusion: Two Ectopic Sites with Synchronous OnsetLateral RV and Lateral LV Sites
QRS Potentials
30 msec: Epicardial negative potentials and a minimum occurred in the lateral ventricular area of each ectopic site. There were two maxima anteriorly and one maximum posteriorly. This produced a body surface pattern with two minima, one on the right anterior chest and the other on the back. There was a single maximum on the left precordium.
72 msec: Positive potentials covered the lateral and apical LV with a single maximum. Negative potentials covered the rest of the epicardium. The body surface pattern was similar with a narrow column of positive potentials on the left side of the torso.
86 msec: The epicardial pattern was complex. There was a terminal excitation maximum near the apex of the LV. Additional maxima due to repolarization were located at each of the ectopic sites. On the body surface, the single maximum remained stationary and the minimum shifted to the right shoulder.
ST-T Wave Potentials
155 msec: Positive potentials covered the epicardium except for the lateral and apical LV. A maximum was present at both ectopic sites and a minimum was on the lateral LV. On the body surface there was a minimum on the left precordium immediately over the epicardial one, and there was a single maximum at the sternum. 219 msec: The two epicardial maxima persisted near the ectopic sites and the minimum was at the apex of the LV. This produced two repolarization maxima on the body surface, one at the sternum and the other on the back with the minimum located in between on the left precordium. Note the similarity, with reversed polarity, between this pattern and the early excitation pattern at 30 msec.
267 msec: The epicardial maxima shifted away from the two ectopic sites while the minimum remained at the apical LV. On the body surface the maximum at the sternum persisted and the one in the back disappeared. The minimum on the left precordium did not change.
Fusion: Asynchronous Onset of Lateral RV Site and Normal Septal Activation (Fig. 8) The lateral RV site was stimulated 90 msec after the atrium. This produced a typical lead II waveform like that in WPW patients; i.e., there was a short P-R interval and a characteristic delta wave. The first instant shown represents the time of onset of normal septal excitation (normal P-R interval 142 msec); i.e., 52 msec after onset of ventricular activation at the ectopic site.
QRS Potentials
52 msec: The isochrone excitation wave was vertically oriented on the anterior RV epicardial surface and over the septum on the diaphragmatic surface. It coincided with the boundary between positive and negative epicardial potentials. The body surface pattern was similar to the epicardial one.
73 msec: Epicardial positive potentials covered the LV with a single maximum anteriorly, and negative potentials covered the RV. The body surface pattern was similar to that of the epicardium. Additionally, it was similar to the distribution at approximately this time during the nonfusion sequence due to the lateral RV site (not shown).
89 msec: On the epicardium, excitation was terminating with a maximum on the lateral LV. There were additional positive potentials nearby on the anterior septum, an area where early repolarization positive potentials occurred in the normal sequence. 15 On the body surface the minimum shifted slightly to the left while the overall pattern changed little.
ST-T Wave Potentials
199 msec: Instead of a single maximum at the ectopic site, as found in all nonfusion sequences, there were two epicardial maxima. One was at the lateral RV ectopic site, and the other was on the septum anteriorly at a position where an epicardial maximum occurred in the normal sequence. 15 The minimum was on the lateral LV where excitation ended. On the body surface there was a single anterior maximum and the minimum was on the back. 237 msec: The two epicardial maxima persisted. The body surface pattern changed little.
289 msec: The epicardial maximum on the lateral RV shifted away from the ectopic site; the anterior one at the septum did not move. The minimum on the lateral LV shifted toward the apex. The body surface minimum shifted to the left precordium to a position immediately over the epicardial minimum, and the maximum did not move.
Interpreting "WPW" Body Surface Potentials
The significance of interpreting the body surface potentials in terms of the underlying epicardial potential distributions is demonstrated by the manner in which it is possible from the body surface to distinguish one ectopic site from its closest neighbor. The major feature making this possible was the same sequence of events in the epicardial potential distributions throughout excitation and repolarization, no matter where the ectopic site was located.
The location of the body surface maximum and minimum and their migration during QRS for each of the seven sites is shown in Figure 9 , using a format suggested by Taccardi et al. 25 Despite the fact that the ectopic sites shifted in location around the entire AV ring, all sites produced an early QRS maximum that was located in a circumscribed area over the sternum and left precordium. On the other hand, the minimum during early QRS showed marked changes in position, changes that occurred spatially in relationship to the location of the ectopic site. That such occurred can be explained from the epicardial potential distributions; i.e., during early excitation there was a prominent epicardial minimum at the ectopic site and the positive potentials nearby were of much lower magnitude.
The location and course of movement of the body surface maximum and minimum (Fig. 9) provided an easy way to distinguish between ectopic sites on the RV and those on the LV. However, the distinction between adjacent sites was difficult on this basis. For example, the location and movement of the QRS maximum and minimum were very similar for the anterior and lateral left ventricular ectopic sites (sites 1 and 2). The maximum and minimum also showed marked similarity for both the posterior septal and the posterior right ventricular ectopic sites (sites 4 and 5). This emphasizes that, while the maximum and minimum are important in the interpretation of body surface maps, frequently they do not reflect the major manifestations of cardiac changes that can be seen by viewing the total body surface pattern. Little or no change may occur in the pattern of the maximum and minimum while major epicardial changes are reflected in the distant low level potential areas. 15 To compare the patterns of the low level potential areas, the general body surface potential distributions are shown in Figure 10 . Note that for all sites, easily detectable differences are seen by viewing the general patterns throughout both QRS and T waves. During QRS, the difference between any of the three left ventricular sites (sites 1-3) is easily seen, whereas this differentiation is difficult by use of the location of the maximum and minimum alone. Also, the differences produced by adjacent sites were sometimes more evident during the T wave than during QRS. For example, the patterns during QRS produced by the posterior septal and the posterior right ventricular ectopic sites (sites 4 and 5) were quite similar; however, the differences during the T wave were marked. That the T wave should be as useful as QRS for detecting differences in the location of the ectopic focus is explained by the epicardial potential distributions. For each ectopic sequence the initial repolarization maximum was at the ectopic site and the minimum was at the location where excitation had ended on the opposite side of the heart; there was subsequent migration of the maximum toward the minimum during the latter part of the T wave. These epicardial repolarization potential distributions have been explained quantitatively on the basis of what we call the "SI theory;" i.e., on the basis of the spatial intracellular potential distribution. during the T wave during which there were two maxima and one minimum. This body surface pattern reflected the epicardial repolarization maxima, one at each ectopic site (Fig. 7, 219 repolarization were also apparent when the lateral RV site was initiated 52 msec before the onset of normal septal excitation (Fig. 8) . During QRS, both the epicardial and body surface patterns showed little effect of the normal septal activation (fusion); however, these effects were evident during the T wave with the repolarization patterns appearing more similar to normal.
Quantitative Comparison of Body Surface Potential Distributions
A quantitative assessment of the similarity of the corresponding body surface maps between the large and small chimpanzees is presented in Figure 11 (solid line). Each point represents the correlation coefficient for a pair of maps during the designated interval of depolarization (D) and repolarization (R). The comparison is specified by the correlation coefficient, which was used to measure the degree to which the contour pattern of the large and small chimpanzee maps was the same. The graph shows a high value (above 0.8) throughout QRS-T for most sequences.
The same maps were also used for a quantitative comparison of the patterns produced by adjacent sites in each chimpanzee. Plots of the correlation coefficients are presented only for the large chimpanzee (dashed line). This shows that for almost every instant the difference in the patterns produced by adjacent sites (2-3 cm apart) was greater than the difference between the patterns of the large and small size animals for the same site.
The map patterns for the site that had the lowest CC between the two chimpanzees, the posterior RV (site 5), are shown in Figure 12 , along with those of the other RV sites (sites 6 and 7). Note that even though the correlation coefficients were the lowest for the posterior RV site, the patterns appear more similar for the same two ectopic sites in the different chimpanzees than they do for the different but adjacent ectopic sites in the same chimpanzee .
Interpreting Vectorcardiographic Potentials
The QRS loops, as well as the 40-msec vector, were quite different for the left and right ventricular ectopic sites (Fig. 13) . However, it was more difficult to distinguish between adjacent sites on the right ventricle, as well as between the posterior left ventricular and septal sites (sites 3 and 4). Changes in the 40-msec vector (delta wave vector) were less marked than in the T wave; e.g., there was a negligible change in 40-msec vector between the posterior LV and septal sites (sites 3 and 4). Interestingly, the shifts in the direction of the T wave, as viewed in the frontal plane, showed a sequential rotation corresponding to the shifts in the location of the ectopic sites around the AV ring (cf. Fig. 1 ), further emphasizing analysis of the T wave in addition to QRS.
The vector results indicate that this method easily shows different inscriptions for some ectopic sites; however, at times the interpretation of the instantaneous vector was considerably different from that of the body surface map as referenced to the epicardial potential distributions. The frontal plane QRS loop for the lateral LV ectopic site (site 2) was directed to the left and then shifted markedly to the right. A corresponding interpretation of leftward and then rightward movement of cardiac electrical activity was not apparent either from the body surface maps or from the epicardial distributions. A drastic difference in representation of the underlying cardiac events is shown in the vectorcardiogram for the fusion sequence with simultaneous onset of the lateral RV and lateral LV sites (sites 2 and 6). The QRS loop was similar to the one produced by the lateral RV ectopic site alone, and the T wave showed more change in magnitude than did the QRS. From the vectorcardiogram, the effects of both ectopic foci, which were on opposite sides of the heart, were not apparent. However, during early QRS there were two minima on the body surface indicative of both POST. RV
Middle QRS
LAT. RV
ANT. RV ectopic sites. Also, during the T wave, two maxima were present on the body surface, further indicating the presence of the two sites. This example illustrates a major problem of correctly interpreting vectorcardiograms when the body surface potential distributions contain multiple maxima and minima during both QRS and T waves (cf. Fig. 7 ).
Discussion
The results show that regardless of the pre-excitation (ectopic) site the sequential events of ventricular activation and repolarization proceed in an entirely predictable and deterministic fashion. However, the manner in which similar events were projected to the body surface varied considerably and this depended upon the heart location where the event occurred. These results, along with previous measurements on intact chimpanzees, 15 make it clear that the two major features involved in epicardial events being projected to the body surface are (1) the magnitude of the potential gradients and the distance over which they exist on the epicardial surface (cardiac sources), and (2) the distance to the recording area on the body surface (volume conductor).
A comment is in order about the use of potential distributions as the index of total cardiac electrical activity for "WPW" QRS-T waves. This represents a major change from the use of isochrones 9 alone. The potential distributions indicated that all ectopic excitation sequences produced similar sequential changes relative to the locations of the ectopic stimulus site and the terminal excitation site. During early excitation there was an intense minimum in the area of the ectopic site with low level positive potentials nearby whereas, during late ventricular activation, the area toward which excitation was propagating was occupied by positive potentials of much greater magnitude than the nearby low level negative potentials in the trailing edge of the excitation wave. That is to say, for isochrones of considerable dimensions (several centimeters), the magnitude of the positive and negative potentials in the leading and trailing edges were markedly different for early and late excitation waves, differences which were easily seen in the epicardial potential distributions. These features were reflected in the body surface potential distributions and were important to their interpretation. The fundamental change presented by this approach of interpreting body surface potentials directly in terms of epicardial potential distributions is the specific incorporation of the spatial relationships of the cardiac events in terms of the sources. Basically, this provides a characterization of the electrical generator separate from the effects of the volume conductor. The results indicate that this separation is of considerable value in interpreting body surface potentials. The use of heart and body surface VOL. 42, No. 1, JANUARY 1978 potential distributions has the advantage that they are easily associated with one another, and the body surface events can be given a detailed explanation directly in terms of heart events during both QRS and T waves. Most simply, this straightforward approach in intact animals provides a previously lacking essential ingredient in the interpretation of both QRS and T waves and in the quantitative understanding of heart-body surface electrical relationships, i.e., the ability to assess the correctness of the interpretation, or the accuracy of the computed result, against a known (measured) answer.
We believe that these results can be applied clinically, as well as being applied to quantitative ECG studies. 16 ' 29 In our experience the measurement of epicardial and body surface potential distributions in intact chimpanzees has provided the most useful method that we have encountered for clinical interpretation of patient body surface maps. We have been using the chimpanzee body surface maps, along with the corresponding epicardial maps, for interpretation in subjects with ectopic ventricular activation. These results with chimpanzees provide an extensive data collection taken from an intact biological specimen approximating the human that show measured cardiac electrical evenis on the total heart along with the corresponding QRS-T wave events measured from the body surface.
The results further imply that many long-standing and relatively unexplored questions related to the ST-T wave provide a ready area for new experimental and clinical study. Implicit in determining the origin of the S-T segment and T wave for any condition is the minimum requirement of representing the potentials over the entire epicardial surface. That is, the spatial representation of the magnitude of the potential gradients and the distance over which they exist, rather than the temporal (scalar) waveforms, provides the essential feature for characterizing the heart as an electrical generator.
When body surface QRS and T wave potentials are interpreted in light of the above considerations, it is not surprising that the ST-T wave potential distributions were as useful as those during QRS for predicting the preexcitation (ectopic) site. The epicardial repolarization maximum and minimum were determined by the location of the earliest and latest areas of ventricular excitation and by the time difference between the two. 12 Thereby, the epicardial potential distributions show how the cardiac sources are spread over considerably greater distances during ventricular repolarization than during excitation. This feature of the cardiac "generator" produces a better reflection on the body surface of heart events during the ST-T wave than during QRS.
